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ABSTRACT 

An  analytical  and  experimental  investigation  of  the 
angular  rate  sensing  properties  of  a  fluidic  device  is 
presented  in  three  parts.   The  first  part  introduces  the 
elements  of  the  fluidic  device,  and  describes  and  develops 
the  interrelationship  of  the  jet,  the  emitter,  and  the 
receiver  ports.   Geometrical  and  parameter  constraints  are 
developed  and  form  the  foundation  for  design  in  Part  Two. 

The  second  part  of  the  investigation  develops  the  re- 
lationship of  angular  rotation  of  the  jet  to  jet  deflection, 
and  the  relationship  of  jet  deflection  to  differential  output 
pressure.   The  design  constraints  developed  in  Part  One  are 
integrated  with  the  analysis  of  differential  output  pressure 
as  a  function  of  angular  rotation  rate,  and  the  design  of 
the  experimental  apparatus  is  completed.   Predicted  behavior 
of  the  angular  rotation  rate  sensor  is  calculated,  and  an 
experimental  procedure  is  formulated. 

In  Part  Three  the  experimental  procedure  and  results 
are  presented  and  compared  to  the  predicted  behavior  of  the 
system.   The  differential  output  pressure  is  found  to  be 
proportional  to  angular  rotation  rate  in  a  specified  range 
of  operation,  and  to  correlate  with  the  predicted  behavior 
of  the  system.   The  phenomena  of  reduction  of  transition  zone 
length  with  jet  rotation  and  random  instability  of  the  jet, 
at  some  reynolds  numbers,  is  observed,  and  the  relationship 
of  reynolds  number  of  the  jet  and  nozzle  to  receiver  port 
distance  to  the  peak  recovery  pressure  and  to  the  angular 
rotation  rate  range  are  determined. 
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NOMENCLATURE 

b  Width  of  potential  core  of  jet  (in.) 

bo  Width  of  nozzle  (in.) 

d  Width  of  receiver  port  (in.) 

e  Distance  from  inner  edge  of  receiver  to 
centerline  of  apparatus  (in.) 

f  Distance  from  centerline  of  receiver  to 
port  to  centerline  of  apparatus  (in.) 

h  Power  jet  centerline  displacement  from 

centerline  of  apparatus  at  the  receiver  (in.) 

K  Diffusion  constant 

L  Nozzle  to  receiver  distance  (in.) 

Le  Emitter  tube  length  (in.) 

P  Pressure  (lb. /in?) 

Pa  Atmospheric  pressure  (lb. /in?) 

r  Radius  (in. ) 

R  Gas  constant  (in?/sec?  °R) 

T  Gas  temperature  (°R) 

V  Jet  velocity  (ft. /sec.) 

Vcl  Jet  centerline  velocity  (ft. /sec.) 

Vo  Jet  velocity  at  the  nozzle  (ft. /sec.) 

Vr  Radial  velocity  (ft. /sec.) 

Vra  Average  radial  velocity  (ft. /sec.) 

X  Radial  distance  from  nozzle  (in.) 

Xo  Transition  zone  length  (in.) 

Y  Distance  from  centerline  of  jet  (in.) 
Ye  Effective  jet  width  (in.) 


Yraax  Maximum  jet  width  (in.) 

p  Density  of  air  (lb. /in?) 

y  Fluid  viscosity  (lb . sec . /in? ) 

co  Angular  rotation  rate  (RPM) 

Re  Reynolds  number 

V9  Angular  velocity  (ft. /sec.) 

V0 '  Relative  angular  velocity  (ft. /sec.) 
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CHAPTER  I 
Introduction 

In  the  past  decade,  there  have  been  significant  advances 

in  the  field  of  fluidics.   The  contributions  of  Simson    , 

Bell     ,  Brown    ,  and  many  others,  have  established  a  broad 

base  of  fundamental  theoretical  support  for  the  design  of 

fluidic  devices.   In  some  areas,  design  can  now  proceed  from 

a  firm  theoretical  base,  and  not  depend  entirely  on  empirical 

n 
results  or  trial  and  error  design  techniques  that  have  had  to 

be  utilized  in  the  past. 

Fluid  power  control  systems  have  been  utilized  for  many 

years,  however,  the  important  control  functions  of  signal 

sensing,  signal  transmission,  signal  conversion,  and  other 

forms  of  signal  processing  have  frequently  been  accomplished 

(12) 

by  electrical  or  electronic  devices     .   Two  major  dis- 
advantages of  this  kind  of  system  are  that  it  requires  a 
variety  of  fluid-electrical  interfaces,  and  it  requires  two 
or  more  different  types  of  power  sources.   The  system 
performance  and  capability  is  enhanced  by  the  inherent 
flexibility  and  environmental  insensitivity  of  the  fluid 
components  and  suffers  from  the  environmental  sensitivity 
and  complexity  of  the  electrical  components.   A  pure  fluid 
system  wotild  only  require  one  power  source,  and  would  have 
the  advantage  of  reduced  environmental  sensitivity.   It  would 
be  less  complex  due  to  the  elimination  of  the  fluid-electrical 
interface  components,  and  offers  a  potential  economic  advantage 
in  fabrication  costs. 


The  purpose  of  this  study  is  to  determine  the 
applicability  of  a  pure  fluid  system  for  utilization  as  an 
angular  rate  sensor.   The  fluidic  system  that  was  designed 
could  serve  as  a  rate  gyro  currently  used  in  attitude 
control  systems  on  missiles  and  rockets  or  as  a  stable 
reference  platform  for  marine  instrumentation  applications. 
The  fluid  jet  would  replace  the  gyroscope  as  the  sensing 
element  with  a  subsequent  reduction  in  power  requirements, 
weight,  and  procurement  cost.   A  fluidic  device  utilizing 
a  subsonic,  laminar,  submerged  jet  with  a  single  emitter 
and  two  receiver  ports  to  determine  differential  output 
pressure  was  designed  and  tested.   The  apparatus  was  designed 
to  demonstrate  parameter  interaction,  and  was  configured 
to  obtain  visual  indication  of  blocked  load  differential 
output  pressure.   This  investigation  was  constrained  to  a 
single  degree  of  freedom  system,  and  evaluated  steady  state 
system  performance.   In  Chapter  II  the  analyis  of  parameter 
interaction  was  carried  out  to  determine  the  geometrical 
interrelationship  of  the  emitter-receiver  groups.   Design 
constraints  were  then  determined,  and  the  final  design  of 
the  experimental  apparatus  was  developed  in  the  last  section. 
The  experimental  procedures  and  instrumentation  are  discussed 
in  Chapte^r  III,  and  the  experimental  results  are  compared  to 
the  predicted  system  behavior  in  Chapter  IV.   Chapter  V 
completes  the  study  with  a  summary  of  the  significant  results 
and  contains  recommendations  for  future  work. 
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CHAPTER  II 
Design  and  Analysis  of  the  Experimental  Apparatus 
2.1   The  Jet 

Several  representations  of  submerged  free  jets  in  the 
transition  from  laminar  to  turbulent  flow  are  present  in  the 
literature.   Bell      has  indicated  that  none  of  the  repre- 
sentations are  valid  under  all  boundary  conditions.   Each 
representation  is  applicable  only  in  its  domain  of  definition. 
Simson       has  modeled  the  jet  into  two  zones,  the  transition 
zone,  and  the  zone  of  established  flow.   In  the  transition 
zone,  the  centerline  velocity  is  equal  to  the  original  nozzle 
velocity,  Vo,  and  in  the  zone  of  established  flow  the  center- 
line  velocity  decreases  with  distance  from  the  nozzle.   A 
velocity  profile  of  Simson' s  representation  of  the  jet  is 
shown  in  Figure  1,  and  the  nomenclature  is  defined  in  Figure  2. 
This  representation  of  the  jet  will  be  used  in  this  study. 
The  jet  profile  is  of  the  form 

Vcl   u   W  J  KZ'±} 

Where  Ye  is  the  effective  value  of  Y  for  the  transition  zone, 
and  is  the  actual  value  of  Y  for  the  zone  of  established  flow, 
as  shown  in  Figure  2 . 

In  the  transition  zone  the  jet  profile  is  of  the  form  • 

Vr  =  Vo[l  -  (Ykx/2>^2  (2'2> 
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and  the  average  radial  velocity,  Vra,  can  be  determined  by 
Integrating  equation  (2.2)  over  the  jet  profile. 

.     Ymax  ,    Ymax  v-k/o  7 

Vra  =  y4x-  [  Vr  dY  =  ym^x"  I  ^  "  (W^)^2^ 

(2.3) 

tfhich,  after  carrying  out  the  indicated  integration,  is  found 
bo  be  of  the  form 

(1  +  0-364X  x 
vra  =  vo  ___  XOgx   '«        •  (2.4) 

1       Xo    ' 

\7here 

Ye  =  Y  -  b/2  (2.5) 

K  =  1.378  ~  (2.6) 

Xo 

Ymax  =  KX  +  b/2  (2.7) 

b  =  1/2 (1  -  X/Xo)  bo  (2.8) 

In  the  design  of  the  angular  rate  sensor,  the  region  of 
operation  of  the  jet  will  be  limited  to  the  transition  zone 
:o  minimize  the  effects  of  turbulent  flow  on  the  receiver 
Dorts,  thus  equations  (2.2)  and  (2.4)  characterize  the  assumed 
radial  velocity  profile  of  the  jet. 
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2.2   Receiver  Port  Geometry 

The  primary  constraint  on  the  design  of  the  receiver 
ports  was  to  obtain  maximum  gain  and  to  maintain  linearity 
of  the  output  pressure  with  respect  to  deflection  of  the  jet. 
For  the  no-flow,  blocked  load,  condition  it  will  be  assumed 
that  the  kinetic  energy  associated  with  the  velocity  profile 
can  be  used  to  represent  the  recovery  pressure  in  the  receiver 
port.   Using  the  nomenclature  defined  in  Figure  3,  the 

recovery  pressure  can  be  computed  by  integrating  the  velocity 

(4) 

profile  across  the  receiver  port. 


v  , 2   e+d-h        v    7 

PII  =   p;gx    /  [1  -  (r^ — r^dY  (2.9) 

2d       ,  Ymax 

e-h 


tt  -]  2   e+d+h         v   7 
PI  .£**-  /      [1  -  (^VdY  (2.10) 

e+h 


After  differentiation  with  respect  to  h,  the  receiver 
differential  pressure  gain  is  given  by 


9(PII-PI)  _   .pVcl2   r.,8(PII-PIK  ,  to    n\ 

9h       *K2   Ymax;  Lr  l    9h     n  U.J--U 


where 


3(PII-PI)      [l-(e-h/Ymax)T],t  -  [1-  (e+d-h/Ymax)  T]  ; 
f( ^h ^  =  (2  d/Ymax) 

7  7 

[l-Ce+h/Ymax)^]^  -  [1- (e+d+h/Ymax) ¥] ^  (2  12) 

+  (2  d/Ymax) 
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As  indicated  in  equation  (2.11)  and  equation  (2.12),  the 
receiver  gain  is  a  function  of  receiver  port  separation,  e, 
and  receiver  port  diameter,  d,  as  well  as  the  centerline 
velocity,  Vol.   This  result  v/ill  be  used  in  Section  2.7  in 
determining  the  differential  output  pressure  as  a  function 
of  angular  rotation  rate. 

2.3   Emitter  Tube  Geometry 

n 

Simply  stated,  the  requirements  of  the  emitter  tube  are 

as  follows: 

1.  To  produce  a  stable  laminar  jet  at  the  nozzle. 

2.  To  have  a  geometrical  form  conductive  to  analysis 
for  calculation  of  pressure  loss  across  the  tube. 

3.  To  have  dimensional  requirements  consistant  with 
the  dimensions  of  the  experimental  apparatus. 

4.  To  be  of  a  form  such  that  the  emitter  tube  could 
be  fabricated  from  readily  available  materials. 

5.  To  be  dimensioned  such  that  power  source  requirements 
are  minimized. 

After  an  extensive  analysis,  literature  survey,  and 
experimental  program,  Bell      determined  that  the  above 
requirements  could  be  met  utilizing  commercially  available 
stainless  steel  hypodermic  needle  stock.   For  a  range  of 
reynolds  numbers  of  500-3000,  and  tube  diameters  of  0.096  in. 
to  0.027  in.,  it  was  determined  that  the  maximum  required 
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length  to  diameter  ratio,  Le/bo,  was  100,  and  that  satisfactory 
results  could  be  obtained  by  inserting  the  emitter  tube  into 
the  plenum  chamber  at  least  ten  nozzle  diameters.   Further, 
end  preparation  can  be  limited  to  grinding  the  tube  ends  flat 
and  deburring  with  a  drill  point. 

Using  the  above  results,  a  nozzle  diameter  of  0.047  in., 
#16  hypodermic  tubing,  was  chosen,  and  a  length  to  diameter 
ratio  of  75  was  selected.   The  pressure  loss  across  the 
emitter  tube  was  calculated  assuming  that  the  downstream 
pressure  remained  at  atmospheric  pressure,  that  momentum 
effects  can  be  neglected,  and  that  the  pressure  loss  is  due 
to  pressure  and  friction  effects. 


(Pu2  -  Pa2)  =  64  Vo  H  RT  Le  pa_ 

bo 


2.4   Vent  Effects 

Vent  effects  on  the  jet  must  be  considered  under  two  sets 
of  conditions.   The  first  set  of  conditions  is  that  the  nozzle- 
receiver  port  interaction  region  must  be  fully  vented  to 

prevent  the  development  of  a  differential  pressure  across  the 

(5) 
jet,     the  interaction  chamber  enclosing  the  nozzle-receiver 

ports  must  be  fully  vented  to  maintain  the  chamber  pressure  at 

atmospheric  pressure,  and  finally,  the  jet  must  be  shielded 

from  environmental  air  currents. 
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The  second  set  of  conditions  are  unique  to  this  study. 
The  same  restrictions  as  outlined  in  the  first  set  of  conditions 
still  hold,  however  when  the  entire  apparatus  is  rotated,  the 
jet  must  be  shielded  from  air  currents  induced  by  the  rotation 
of  the  device.   These  two  sets  of  conditions  require  that  the 
interaction  chamber  be  sealed.   Thus  the  final  design,  as 
shown  in  Figure  22  through  Figure  27,  incorperates  an  extensive 
venting  configuration. 

2.5  Environmental  Effects 

The  primary  environmental  effects  to  be  considered  are 
atmospheric  pressure  and  ambiant  temperature.   The  ambiant 
air  temperature  has  a  direct  relationship  to  the  density  of 
the  air,  and  the  atmospheric  pressure  establishes  the  required 
plenum  pressure  to  maintain  the  desired  nozzle  velocity,  Vo. 
These  factors  will  be  utilized  in  establishing  the  required 
plenum  pressures  during  the  experimental  phase  of  this  study, 
and  will  be  monitored  during  each  experimental  run. 

2.6  Jet  Deflection  as  a  Function  of  Angular  Rotation  Rate 
The  starting  point  for  the  analysis  is  the  Euler  equation 

for  inviscid  flow  in  polar  coordinates,     with  the  assumptions 
of  steady  state  conditions,  two  dimensional  flow,  and  that  no 
pressure  gradiants  exist  across  the  jet. 
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For  the  angular  componet  of  jet  velocity 


3ve   T7  3ve  _,  ve  sve  .  vr  ve 

3T  +  Vr  3T  +  F   39"  +  ~r—  =  ° 


(2.14) 


and  imposing  the  continuity  condition 


3Vr    1   3V6    n 
3r    r  39 


'< 


(2.15) 


in   Section  2.1,  the  radial  velocity  profile,  as  well  as 
the  average  radial  velocity  were  established. 


1  -  (Ye  -  b/2} j 


=  Kx"^r]2 


(2.2) 


Vra  =  Vo 


(1 

+ 

0, 

.364X. 

Xo       > 

(1 

+ 

1, 

.756X. 

(2.4) 


The  coordinates  are  now  transformed  to  a  moving  reference 
frame  rotating  at  an  angular  rotation  rate  w. 


# 

~ 

wt 

e* 

= 

* 

0' 

= 

wt 

ve1 

= 

ve 

-  roo 


(2.15) 


.17 


Where  V6 '  is  the  angular  jet  velocity  relative  to  the 
moving  coordinate  frame,  and  0'  is  the  angular  displacement 
of  the  jet  centerline  relative  to  the  moving  coordinate  frame. 

Substituting  equations  2.16,  2.4,  and  2.15  into 
equation  2.14,  the  following  differential  equation  for 
relative  angular  velocity  is  obtained. 


8V61    ,.Qirl  ,      1.392/Xo    ,  .  0     a  /o  1-7X 

"  +  V0'  [-  + v  7cL n     ica„    3  +  2w  =  0  (2.17) 


dr  r    ,,  ,,.1.756r  x  ,,    0.364r, 

(1  +  *— x5 }  (1  +  ~xo~~) 


<  r   < 

It  was  observed  that  in  the  range  0.25  -  rr-  -    0.9  the 

3         Xo 

coefficient  of  the  V9 '  term  can  be  approximated  by  1.30/r 
with  less  than  five  percent  error.   This  substitution  simplifys 
the  solution  considerably,  and  does  not  introduce  significant 
error.   With  this  substitution  equation  2.17  simplifys  to 


3V61  +  hJl   V6'  +  2o)   =  0  (2.18) 

dr  r 


which  has  as  a  solution 


VQI  =  constant  _  0>87a)r  (2.19) 

r1*3 


The  solution  for  the  relative  angular  velocity  component 
has  two  distinct  parts.   The  first  term  describes  the  relative 
angular  velocity  component  of  the  flow  within  the  jet.   The 


constant  can  be  evaluated  using  the  assumed  radial  velocity 
profile  and  continuity  and  momentum  conditions,  however  this 
term  is  not  the  most  significant  to  this  study.   The  second- 
term  is  the  interesting  result.   It  shows  the  relationship 
of  the  relative  angular  velocity  of  the  jet  centerline  to 
the  angular  rotation  rate  of  the  reference  frame.   This  term 
of  the  solution  will  be  used  to  determine  jet  deflection  as 

a  function  of  angular  rotation  rate. 

n 

for  V6'  <<   Vra 


tan   6'  -  ™1 


Vra 


Thus  jet  deflection,  h,  can  be  calculated  directly 


.     ,  Q,  ,     r   VG  '  ,     ,  0.87cor  dr  ,~  ~AA 

h  =  /  9'  dr  =  /  —  dr  =  /       o.364r  (2-200 

o         o  o    (1+ — ^ — ) 


which  has  as  a  solution 


,          0.87o)Xo2     rno    „no /n  .0.364L.  2         cc    O,r/1,0.364L, 
=   — Vo [18.203(1+ — — — )z    -    65.266(1+ — ^ — ) 


+    28.859    log    (l+^-~— )    +    47.063]  (2.21) 

A.O 
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This  result  illustrates  several  design  parameter  inter- 
relationships.  The  centerline  jet  deflection  is  shown  to  be 
proportional  to  angular  rotation  rate  for  fixed  transition 
lenght ,  jet  velocity,  and  nozzle  to  receiver  distance.   How- 
ever, jet  deflection  is  not  proportional  to  jet  velocity, 
transition  length,  or  nozzle  to  receiver  distance  for  all 
other  parameters  held  constant. 

Bell      has  shown  that  the  transition  length  of  a  sub- 
merged jet  is  a  function  of  reynolds  number,  thus  a  change 
in  nozzle  velocity  also  changes  the  transition  length  with  a 
resultant  non-linear  change  in  jet  centerline  deflection. 
The  most  important  result  for  the  design  of  the  apparatus  is 
that  for  fixed  nozzle  to  receiver  distance  and  nozzle  velocity, 
the  jet  deflection  is  proportional  to  angular  rotation  rate 
of  the  apparatus. 

2.7   Differential  Output  Pressure  as  a  Function  of  Angular 

Rotation  Rate 

The  analysis  of  differential  output  pressure  as  a  function 
of  angular  rotation  rate  proceeds  from  the  results  of  Sections 
2.1,  2.2,  and  2.6,  of  which  the  essential  results  are  repeated 
for  continuity. 


£t=  [1"  <yS5^)2  (2-1) 
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. 2   e+d-h        Y    7 
PII  =  P||L_  f  n  _  <JLj)*].»dY  (2.9) 

e-h 


, 2   e+d+h        v    7 

PI  =  ^1-   '       [1  "  'ySS^1^  <2-10> 

e+h 


(4) 
Simson    has  evaluated  equations  2.9  and  2.10  and 

defined  the  following  functions 

*i 

Vp           Y 
c  =  ^ -   * (2.22) 

Ye  max    Ymax 


Y 

/  Vr2dY  =  Vo2Ymax[f (C) ]  (2.23) 

o 


where 


11     10    18      tc         2  5      A  32 


lc    i  i.     90    J  a     "I  £    .<  2     /     J  A 

f  (C)  =  [C  -  j~  C^  +  —-  C1^  -  ~  C7^  +   —■  P   ]      (2.24) 

Substituting  the  results  of  equations  2.23  and  2.24  into 
equations  2.9  and  2.10,  the  results  are  obtained 


r.-1-T         *  /  e+d-hu    ...e-h  x 
-2"  =    Ymax        Ymax 


1/2  p  Vclz    ^/v (2.25) 

'   K  d/Ymax 


pi  f(giS^)  -  fd-+A.) 


1/2  p  Vclz         -=-7= 

'   K  d/Ymax 


Ymax        Ymax  (2.25) 
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and  by  subtracting  equation  2.26  from  equation  2.2b,  the 
normalized  differential  output  pressure  is  obtained 

f  /G+d-h>  _  ,  ,e+d+h>    f  .e+h  .    f  .e-h  . 
PII  -  PI    =   (Ymax  }  4max  }  (YmaxJ     1Ymax) 

1/2  p  Vcl7  d/Ymax 

(2.27) 


This  result,  in  conjunction  with  equations  2.21  and  2.24, 
will  be  used  in  determining  the  final  design,  and  in  the 
calculation  of  the  predicted  behavior  of  the  system. 


2.8   Final  Design  of  the  Angular  Rate  Sensing  Device 

In  Sections  2.1  through  2.7  the  parameter  interrelation- 
ships and  some  design  constraints  have  been  established.   In 
this  section,  the  final  design  of  the  apparatus  will  proceed 
using  these  relationships  and  the  limitations  imposed  by 
facilities  and  materials  that  are  available. 

The  maximum  angular  rotation  rate  was  limited  to  100  RPM 
This  limitation  was  imposed  by  the  requirement  to  visually 
read  the  water  manometers  which  were  designed  to  be  mounted 
to  the  apparatus  at  the  axis  of  rotation.   An  initial  trial 
indicated  that  above  this  rate  the  manometers  could  not  be 
interpreted  with  sufficient  clarity. 

The  emitter  tube  diameter  was  established  at  0.047  in. 
This  size  was  selected  to  limit  the  length  of  the  emitter 
tube,  to  reduce  the  power  source  requirements,  and  to  limit 
the  plenum  pressure  required  to  establish  a  nozzle  velocity 
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corresponding  to  reynolds  numbers  in  the  range  of  500-3000. 
An  emitter  tube  length  of  75  nozzle  diameters  was  used  to 
produce  a  stable  laminar  jet,  and  the  emitter  tube  was 
designed  to  protrude  ten  nozzle  diameters  into  the  plenum 
chamber. 

The  range  of  suitable  nozzle  to  receiver  distances  was 
established  by  the  range  of  reynolds  numbers  of  the  jet.   A 
laminar  jet  was  required  to  avoid  the  detremental  effects 
of  a  turbulent  flow  on  tfie.   recovery  pressure.   Bell      has 
shown  that  for  reynolds  numbers  less  than  2000  a  transition 
zone  length  of  greater  than  33  nozzle  diameters  could  be 
established,  with  corresponding  greater  transition  zone  lengths 
as  reynolds  number  is  reduced.   An  analysis  of  equation  2.21 
indicates  that  by  using  the  maximum  obtainable  transition 
zone  length,  the  jet  deflection  will  be  maximized,  thus  a 
nozzle  to  receiver  port  distance  range  was  established  at 
20  to  33  nozzle  diameters. 

The  receiver  geometry  was  designed  to  obtain  the  maximum 
gain  consistant  with  linearity.   An  examination  of  equations 
2.11  and  2.12  indicates  that  to  design  for  maximum  gain 
would  result  in  unsatisfactory  linearity  of  the  output 
pressure,  whereas  to  design  for  constant  gain  would  result 
in  unsatisfactory  output  pressure.   A  maximum  differential 
output  pressure  of  the  order  of  one  inch  of  water  was  desired, 
thus  this  constraint  was  used  in  establishing  the  dimensions 
of  the  receiver  ports  at  a  diameter,  after  deburring,  of 
0.0425  in.  with  a  port  separation  of  0.0156  in. 
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Venting  of  the  interaction  chamber  was  provided  by  four 
shielded  vent  taps  of  sufficient  area  to  assure  constant 
venting  of  the  chamber  and  to  exclude  air  currents  generated 
by  rotation  of  the  apparatus. 

The  final  dimensions  of  the  experimental  apparatus  are 
shown  in  Figure  22  and  Figure  23,  and  the  completed  apparatus 
is  shown  in  Figures  24  through  27. 
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CHAPTER  III 
Experimental  Procedure 

3.1  Experimental  Apparatus 

The  angular  rate  sensor  was  directly  mounted  to  a 
vertical  output,  geared  reduction ,  1/70  horsepower  bodine 
model  NSA-117  universal  motor.   The  motor  was  installed  on  a 
rubber  mounted  rigid  plate.   The  air  supply  was  obtained  from 
line  pressure  reduced  to  approximately  one  psig,  with  final 
air  pressure  regulation  provided  by  a  needle  valve.   The  air 
supply  was  filtered  prior  to  introduction  into  the  apparatus, 
and  was  coupled  to  the  apparatus  through  a  locally  prepared 
rotary  coupling.   Speed  control  of  the  motor  was  provided  by 
a  General  Radio  Co.  Type  200-C  variable  voltage  supply  with  a 
Dayton  Model  4X796  electronic  speed  control  unit  installed  in 
series  with  the  motor  for  final  adjustment  of  motor  speed. 

All  experiments  were  conducted  in  a  temperature  controlled 
environment  with  a  mean  temperature  of  77°F  prevailing  during 
the  course  of  all  experiments.   A  schematic  drawing  of  the 
experimental  apparatus  is  shown  in  Figure  22. 

3.2  Instrumentation 

Five'*  parameters  were  to  be  monitored,  plenum  pressure, 
differential  output  pressure,  angular  rotation  rate,  ambiant 
air  temperature,  and  atmospheric  pressure. 
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Plenum  pressure  and  differential  output  pressure  were 
measured  using  water  manometers  mounted  on  the  experimental 
apparatus  at  the  axis  of  rotation.   The  manometer  had  a 
scale  graduation  of  0.10  inches.   All  scale  readings  were 
taken  visually  with  an  estimated  error  of  ±0.01  inches. 

Angular  rotation  rate  of  the  experimental  apparatus  was 
measured  using  a  General  Radio  Co.  Type  631-B  strobotac 
electronic  tachometer.   All  measurements  were  taken  using 
motor  speed,  and  were  mathematically  converted  to  angular 
rotation  rate  of  the  experimental  apparatus  using  the  fixed 
gear  reduction  ratio  of  6:1  of  the  motor  drive.   The  error 
in  angular  rotation  rate  measurement  was  estimated  to  be 
±0.5  RPM. 

Ambiant  air  temperature  was  monitored  using  a  direct 
reading  mercury  thermometer.   The  error  in  temperature 
readings  is  estimated  at  ±0.1°C.   Atmospheric  pressure  was 
obtained  from  a  local  weather  data  gathering  system. 

3.3   Determination  of  Differential  Ouput  Pressure 

The  experimental  phase  of  this  study  was  arranged  to 
determine  three  characteristics  of  the  experimental  angular 
rate  sensor.   The  first,  and  foremost,  goal  was  to  determine 
the  applicability  of  a  fluidic  device  as  an  angular  rate 
sensor.   The  second  goal  was  to  experimentally  verify  the 
variation  in  output  characteristics  with  reynolds  number  of 
the  jet,  and  finally  to  experimentally  verify  the  variation 
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in  output  characteristics  with  a  change  in  nozzle  to  receiver 
distance.   The  experiments  were  divided  into  four  groups 
corresponding  to  a  range  of  nozzle  to  receiver  distances  of 
22  to  32  nozzle  diameters.   At  each  nozzle  to  receiver 
distance,  data  was  gathered  at  four  reynolds  numbers  in  the 
range  of  500  to  2200. 

Each  experimental  data  run  was  conducted  using  the  same 
procedure.   The  plenum  pressure  was  adjusted  to  the  desired 
pressure,  and  the  receiver  ports  were  centered  in  the  jet  in 
the  static,  no-rotation,  condition  using  the  receiver  carrige 
adjustments  to  obtain  zero  output  pressure.   The  apparatus  was 
then  brought  up  to  the  desired  rotational  speed,  and  the 
resulting  differential  output  pressure  and  angular  rotation 
rate  were  recorded.   At  each  data  point  the  plenum  pressure 
was  adjusted  to  the  desired  value  to  compensate  for  the 
slight  variation  in  the  leakage  rate  at  the  rotary  joint. 
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CHAPTER  IV 
Discussion  of  Results 

The  general  results  are  presented  in  two  forms .   Figures 
4  through  19  represent  the  results  of  sixteen  basic  configura- 
tions used  in  the  experimental  phase,  and  Figures  20  and  21 
present  composites  of  a  fixed  nozzle  to  receiver  distance  with 
variation  in  jet  reynolds  number,  and  a  fixed  jet  reynolds 
number  with  variation  in'*nozzle  to  receiver  distances.   All 
data  points  have  been  plotted  directly  after  normalization, 
and  each  figure  represents  a  combination  of  data  from  two  or 
more  experimental  runs.   No  data  reduction  or  averaging 
techniques  were  employed,  thus  the  data  plotted  contains 
randum  experimental  error  inherent  in  any  data  gathering 
process . 

The  correlation  of  the  experimental  results  to  the 
calculated  behavior  was,  in  general,  quite  good  with  a  nominal 
deviation  of  the  experimental  results  from  the  calculated 
behavior  of  the  order  of  25  percent  in  the  nozzle  to  receiver 
distance  range  of  22.02  bo  to  28.34  bo  with  a  reynolds 
number  greater  than  530.   The  correlation  of  the  experimental 
results  to  the  calculated  behavior  for  a  reynolds  number  of 
530  was  in  general  quite  poor  and  a  wide  range  of  data 
scattering  was  evident.   The  experimental  results  at  a  nozzle 
to  receiver  distance  of  31.91  bo  was  significantly  lower 
than  the  calculated  behavior  by  a  factor  of  the  order  of 
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100  percent.   This  result  is  significant  in  that  the 
experimental  results  exceeded  the  calculated  behavior  for 
all  other  nozzle  to  receiver  distances. 

The  significant  reduction  in  recovery  pressure  at  the 
nozzle  to  receiver  distance  of  31.91  bo  and  a  jet  reynolds 
number  of  1595  and  2125  can  potentially  be  attributed  to  a 
transition  of  the  jet  to  turbulent  flow.   Bell     determined 
that  the  transition  zone  distances  corresponding  to  the 
reynolds  numbers  used  in'*this  study  are  as  follows: 

Reynolds  Number         Transition  Distance 

(Nozzle  Diameters) 

2125  •           30 

1595  42 

1060  65  (estimated) 

530  75  (estimated) 

This  data  was  obtained  under  circumstances  designed  to 
minimize  external  disturbances,  thus  it  represents  the  maximum 
obtainable  under  ideal  conditions.   In  this  study  significant 
disturbances  were  introduced  due  to  the  rotation  of  the 
sensor,  thus  it  is  very  possible  that  the  transition  to 
turbulent  flow  occurred  at  a  transition  distance  less  then 
that  predicted  by  Bell  with  a  resultant  reduction  in  recovery 
pressure.   This  phenomenon  of  reduction  of  transition  zone 
distance  with  angular  rotation  will  require  further  study  with 
an  experimental  apparatus  designed  to  measure  the  transition 
zone  distance. 
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The  data  obtained  at  a  reynolds  number  of  530  indicates 
considerable  scatter  which  can  be  attributed  to  the  experi- 
mental error  introduced  by  the  resolution  limit  of  the  mano- 
meter scale.   The  maximum  recovery  pressure  at  this  reynolds 
number  was  of  the  order  of  0.12  inches  of  water  whereas  the 
minimum  scale  graduation  was  0.10  inches,  thus  the  experi- 
mental error  inherent  in  reading  the  scale  was  estimated  at 
±0.02  inches.   This  data  scattering  became  evident  when  more 
than  one  experimental  run  was  plotted  on  a  single  figure. 
Each  run  was  consistant/  within  that  set  of  data,  but  when  a 
second  run  of  data  was  plotted,  the  resultant  graph  exhibited 
considerable  data  scattering. 

The  resultant  differential  output  pressure  was  observed 
to  be  linear  up  to  a  value  of  angular  rotation  rate  correspond- 
ing to  approximately  80  percent  of  the  angular  rotation  rate 
at  which  the  peak  output  pressure  was  obtained.   This  result 
is  consistant  with  the  behavior  predicted  by  equation  (2.21) 
and  equation  (2.27),  and  demonstrates  the  potential  suitability 
of  this  device  as  an  angular  rate  sensor.   It  was  further 
noted  that  the  angular  rotation  rate  at  which  the  peak  output 
pressure  was  obtained  is  a  function  of  reynolds  number  and 
nozzle  to  receiver  distance,  as  predicted  by  equation  (2.21), 
thus  the  device  can  be  designed  for  linear  operation  and 
maximum  output  pressure  for  any  desired  range  of  angular 
rotation  rates. 
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The  maximum  differential  output  pressure  was  observed  to 
become  unstable  for  flows  corresponding  to  reynolds  numbers 
of  1595  and  2125.   This  phenomenon  exhibited  itself  by  the 
differential  output  pressure  increasing  with  angular  rotation 
rate  until  some  maximum  value  was  reached,  at  which  time  the 
differential  output  pressure  went  into  a  random  oscillation. 
The  random  oscillation  of  the  output  pressure  indicated  that 
the  jet  was  oscillating  randomly  due  to  some  interaction  with 
the  receiver  port  geometry.   This  phenomenon  of  oscillation 

of  a  laminar  jet  as  a  function  of  reynolds  number  has  been 

( 8 ) 

investigated  by  Ever.      Ever  found  that,  for  blocked  load 

conditions,  the  jet  would  be  stable  for  reynolds  numbers  less 
than  1000,  but  for  reynolds  numbers  in  the  range  of  1000  to 
2500,  the  jet  would  interact  with  the  receiver  geometry  and 
exhibit  random  oscillation.   For  reynolds  number  greater  than 
2500,  the  jet  would  develop  a  limit  cycle  type  of  oscillation. 
The  oscillation  of  the  jet  is  detremental  to  the  performance 
of  the  device  as  a  sensor,  as  it  limits  the  angular  rotation 
rate  range  of  the  device  and  the  maximum  obtainable  output 
pressure.   It  should  be  noted  from  the  plotted  results  that 
where  instability  of  the  jet  occurred,  a  peak  in  the  output 
pressure  was  not  obtained. 

In  addition  to  the  assumptions  stated  in  Sections  2.1, 
2.6,  and  2.7,  it  should  be  noted  that  an  additional  assumption 
was  made  in  modeling  the  jet  profile  representation.   Equation 
(2.1)  includes  viscous  effects  on  the  submerged  jet,  thus  the 
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radial  velocity  profile  includes  viscous  forces.   In  determining 
the  angular  velocity  componet  and  relative  angular  velocity 
componet  the  assumption  was  made  of  inviscid  flow,  thus  the 
resultant  relative  angular  velocity  representation,  equation 
(2.19),  does  not  directly  include  viscous  effects.   The 
impact  of  this  assumption  on  the  calculated  behavior  of  the 
system  was  estimated  to  be  very  small,  and  in  any  case  less 
than  that  introduced  by  the  assumed  velocity  profile,  however, 
it  does  potentially  contribute  the  error  present  in  the 
calculated  behavior. 

A  limited,  qualitive,  experiment  was  conducted  to 
determine  the  interaction  of  the  direction  of  rotation  on  the 
output  pressure.   It  was  observed  that  the  sign  of  the  output 
pressure  reversed  with  a  reversal  of  direction  of  rotation, 
and  that  the  magnitude  of  the  resultant  output  pressure  was 
essentially  unchanged,  however,  this  result  is  somewhat  limited 
in  scope  due  to  the  lack  of  sufficient  data  gathered  due  to 
the  limitations  of  the  experimental  apparatus.   The  device  has 
symmetrical  geometry  so  that  equation  (2.21)  is  still  valid 
and  the  jet  deflection  is  unchanged  except  for  direction,  thus 
the  device  is  directionally  sensitive,  and  can  identify  the 
direction  of  rotation  by  the  relative  magnitude  of  the  blocked 
load  recovery  pressure  in  the  receiver  ports. 

Another  limited  qualitive  experiment  was  conducted  using 
a  receiver  port  geometry  of  significantly  different  form.  In 
this  configuration  a  single  receiver  port  of  the  same  diameter 
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as  the  nozzle  was  mounted  and  axially  aligned  with  the  nozzle. 
The  receiver  port  was  statically  aligned  with  the  jet  to 
obtain  maximum  recovery  pressure.   The  device  was  then  rotated 
and  the  reduction  in  recovery  pressure  with  angular  rotation 
was  noted.   This  configuration  does  not  offer  directional 
sensitivity,  however,  it  does  simplify  the  construction  and 
alignment  of  the  device.   The  results  are  inconclusive,  in 

that  an  extensive  analysis  was  not  conducted  to  predict  the 
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system  performance,  however,  it  was  noted  that  the  jet 

remained  stable,  and  that  the  angular  rotation  rate  range 
was  above  that  of  the  experimental  apparatus,  which  was  of 
the  order  of  150  RPM.   This  configuration  could  offer 
significant  advantages  in  the  higher  angular  rotation  rate 
ranges,  however,  additional  study  will  be  required  to  demo- 
nstrate this  capability. 
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CHAPTER  V 
Conclusions  and  Recommendations 

In  the  preceding  chapters  the  analysis  and  design  of  a 
fluidic  angular  rate  sensing  system  has  been  developed,  and 
the  resulting  geometrical  and  parameter  interrelationships 
have  been  determined.   In  general,  the  experimental  results 
have  been  observed  to  agree  with  the  predicted  behavior, 
however,  some  additional^parameter  limitations  have  become 
evident  as  a  result  of  the  experimental  phase  of  the  study. 
The  output  pressure  was  found  to  be  a  linear  function  of 
angular  rotation  rate,  within  a  predetermined  range,  and  the 
output  pressure  was  found  to  be  directionally  sensitive,  in 
that  it  would  detect  and  identify  the  direction  of  rotation. 
The  applicable  range  of  reynolds  numbers  of  the  jet  was 
found  to  be  constrained  by  two  factors,  the  low  magnitude  of 
recovery  pressure  available  for  reynolds  numbers  less  than 
1000,  and  the  resultant  random  jet  instability  for  reynolds 
numbers  in  the  range  of  1000  to  2500.   The  second  effect, 
jet  instability,  did  not  prevent  the  device  from  performing 
satisfactorily,  however,  it  did  limit  the  angular  rotation 
rate  range  to  a  value  somewhat  behow  that  predicted. 

The  reduction  in  differential  output  pressure  for  nozzle 
to  receiver  distances  of  the  order  of  the  predicted  transition 
zone  distance  indicates  a  reduction  in  transition  zone  length 
due  to  the  disturbance  created  by  rotation  of  the  apparatus. 
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This  phenomenon  requires  further  study,  however,  this  investi- 
gation does  indicate  that,  for  nozzle  to  receiver  distances 
that  do  not  exceed  85  percent  of  the  predicted  transition 
zone  length,  satisfactory  performance  will  be  obtained. 

The  experimental  results  indicate  that  a  fluidic  angular 
rate  sensor  of  this  type  has  considerable  design  flexibility, 
and  that  with  suitable  choices  of  jet  reynolds  number,  nozzle 
to  receiver  distance,  and  receiver  port  geometry,  the  angular 
rotation  rate  range  and  Required  output  pressure  signal 
magnitude  can  be  readily  obtained.   The  experimental  device 
constructed  for  this  study  was  not  designed  to  minimize  size 
and  weight,  thus  significant  size  and  weight  reductions  could 
be  imposed  on  the  design  of  a  practical  sensor. 

Several  parameter  and  environmental  interactions  will 
require  further  study  and  resolution  before  this  type  of 
fluidic  rate  sensor  could  be  utilized  with  fully  predictable 
behavior.   The  interaction  of  translation  of  the  sensor  as 
well  as  off-center  rotation  and  rotation  in  more  than  one 
plane  require  study,  and  temperature  sensitivity  and  dynamic 
response  must  be  determined  for  compatible  integration  of 
this  sensor  into  a  control  system.   The  observed  phenomenon 
of  apparent  reduction  in  transition  zone  length  with  rotation 
and  random  jet  instability  must  be  fully  investigated  to 
determine  their  origin  and  to  quantify  this  phenomenon  for  its 
interaction  to  system  design. 
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FIGURE  1     POV.<ER   JET  VELOCITY  PROFILE 
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FIGURE  3      GEOMETRICAL  RELATIONSHIPS   OF  THE 
RECEIVER  PORTS 


39 


1 1 — 

_)_                     

| 

T-                    ~"       '"      ~t 

jtC            '3 - 

k                    -4      - 

Ar, 

,80 

. 

4-     * 

1 

0          '    S'  " 

- 

/n_          -.si                     ,t> 

\_^             ^>>                        \y 

.70 

-     -fir                            j5            "        ~        ~     4-+     '   t  + 

: 

1 

1 

W                                 '     ~E                                               it" 

j2sC' 

""" " A -| rA^ 

^ 

■~        'j                                         ~  ©' 

1s>                                                  0i 

"r  ^ 

...  y 

■"-    r-t 

i,Ea 

-     ■  ,±r                                 i 

1  ^  ,■/■ 

© 

-  T»:-5"CT" 

.        -             ^ '  ±                   +  - 

-L,     C<J 

^ 

S- 

^/                 © 

*                               -t 

■■ 

J,                   __     . 

—J 

13 

i 

.     Jj            _.-.                         .         _ 

:              /                     '  _.    ~          "  .  _                 . 

_G   -i^-^^4:                  . 

T 

^ 

A 

*?* 

/                                                        .  __ 

^<             j 

s 

"^ 

:       >                                            i 

^3 

7 

/ 

^    — J-i 

7                                                                                                               ± 

^r  _,3V     1 

i 

/ 

1 

/ 

/ 

^ 

-F                                                         4-                            -r 

i_    ± 

/ 

_/ 

J 

_.3£     r           +   M. 

1 

1               i          ' 

i  i          i  i 

/ 

G> 

T         i 

_| 

4-             J 

r.    r:     ?>,       %    hn                                                .        .1 

II          IT 

j 

r 

r)  .     -I     r  3j \_      !_ 

*<!     r    5?v 

'_nE:         'lL 

_^_            -      hr          -|    h-    -i    h  ,.: 

1                i 

r  "*■     ' 

A  ==   C'\  LSI  LA  r.il)   vkLjjjL 

1 

|               p 

1     1 

:  ± 

CO    jj    EOitltiiiSO  11 

'    7 

V^LUi^ 

:                                 "           _i_    i 

/i 

."00 

i                                  1  ... 

,              i      ..j 

1             i  A   \              1                -I                             c  -A          !                  i  nr    1 

0                        "IE1  ~ 

/.0                 6  f            I  I   f,9               -l 

WKTI'IIj  P     r?~VP/  TfTfW PAT1?       1  RPTfh                                                    1        - 

1               i  r  r i             n       i  it            i           j -4—         \—\— 

.....      . 

1                                         In             i           1           ■ 

FTjryrST'Z 

;     Hli  Iqur.  fj  3    r  :l.  i  .1  uripr  \  £  .   .  IM  rlj IftR.  i  x  t  tT  rjLux    rt  tp  - 

Mil 

j                                   j [_ 

!  i                                     i 

40 


l                         | 

1 

_l.k 

1 

;: 

i 

hr\~ 

1 

,  W 

1 

1 

1 

±                                      "    ■ 

« 

1 

j 

~r                                 ■ 

■ 

0             © 

!  -  '-,*    ^           L 

12*   0    G>S> 

r?Q 

>                 \ 

\ 

i 

1 

~r 

t 

i 

s 

i 

j 

-**     t 

! 

63 

^ 

~r 

d 

^~'2> 

1 

s 

5 

4_ 

t 

1 

1 

X 

X 

'    X 

-      ZZ$t 

X  . 

_i  x,  tj*_ 

» 

_       li 

1 

H  > 

,5(4 

' 

t 

-       "^it 

» 

-->*    -^ 

»                      A> 

1                    ^- 

* 

— .X 

»            -^ 

33 

M? 

i            S 

43 

)            s 

on 

i      £ .          .      . 

10 

1.0     1  " 

1  /" 

-       3? 

1 

G> 

i 

-  i 

4J- 

-     T^ 

,     1 

6 

- 

H 

4 

I     IS 

G? 

/                                            1 

-     ZH 

1 

>               4- 

-     -£ 

4 

'              X 

.       IB 

/  * 

*              X 

JC 

/ 

1 

"       -T    -1 

© 

I  > 

f-1 

;                                                                                                                       | 

4 

V 

j                                                                                                                       | 

^ 

/ 

1 

/ 

1 

(jjb 

> 

X                                    r    1 

r 

/ 

X 

-/t> 

. 

0 

si 

-^      4 

) 

l 

^0     4 

'2 

> 

L  4=  2&J&  ^0 

' 

1 

H 

! 

4 

itr-    =    TOhO                                             -   -    -- 

b\ 

/ 

r 

X                                        _,_ 

' 

A!  ■'  r  .-4  4it  'i  Tirn    "/.',  TTr           1 

' 

«*:  --     UAJ-jyylvV  ijCiU     J  «  J-U.i/ 

| 

1 

10 

4 

i" 

?~ | 

<7»l  ::     !<'<"-   4fi-   H'.tfTi   IL 

_! 

14 

■ 

1    V;|  T  LJ  X,' 

A 

/ 

r7pjbfi 

/ 

1 

A 

/ 

1 |_ 

' 

1 

-««       .^f 

rQOT/   1 

i 

| 

1 

1                         1                  1        1 

r     z 

4 

/ 

iO 

i 

2T          X     iSt"             :  .PXr_     _ 

1 

r 

-r 

iM 

nir;            '  t>f'M  \ 

1 

. 

u 

Jk. 

I 

L 

Ki 

r 

1 

tJ 

In 

L- 

.1 

WpX2 

Lr.'is     jitH; 

1 

"""     '"4        4" 

1           1 

1 

1 

■1  1 

| 

L        j  1                ML 

K 

,1.., 

ril 

? 

i. 

'i(/V 

; 

!•; 

J\ 

' 

mm 

■  LJ; 

JU  Vi 

5.    AWGUMH  lOiiiTlpil  IWZh 

4_ 

\ 

1 

X 

[ 

1 

X 

±  ±;             X 

41 


..[._ 

1           • 

1     1 

- 

>»L 

i 

- 

- 

! 

§ 

f'Ui 

r 

1 

i 

1 

1 

■ 

,t 

3C1 

a 

-^3 

^r+      + 

A' 

'< 

H 

<•> 

-M 

^J 

^ 

_Cv- 

-G> 

s 

~M 

<Mi 

1 

u 

1 

—i 

/^i 

1 

lG 

1 

,. 

■ 

•  • 

l 

O 

iJ 

xj 

^1 

-y^c 

-5 

7ST 

n 

y' 

e 

z 

.u 

1 

| 

M 

s 

1 

1    7 

-in 

>^ 

! 

r 

1 

7j_ 

i 

i 

1 

J 

A 

> 

f 

-4- 

• 

a 

' 

r; 

/ 

1 

u 

j 

-\Jl 

y 

• 

1 

36> 

/ 

A 

i 

• 

' 

i 

/ 

> 

/ 

■  i 

s 

u 

1 

■ 

/ 

- 

J, 

=    2ib 

b  52. 

- 

/ 

' 

(^ 

y 

/ 

G 

/i 

^s 

t_P 

=    L^ 

fe 

l 

I 

y 

1     ' 

7 

I 

_©< 

/ 

1 
1 

/ 

' 

A 

■-,   , 

'  f  T  IT  ,,  'PIT      iii-llUJ 

1 

/ 

Ti» 

-    33  n 

_iOUi--v  J.1JJ     v  i.jUJj 

<>> 

0 

9 

1 

0 

k> 

—     .  !V  ^  f 

'ERI-iltfi'lAL 

i  1 

/ 

d£  T   IT 

!  '/ 

\ 

\nK±j±i 

n 

■■ ' 

k  • 

1 

/ 

> < 

1 

/ 

/ 

1 

> 

' 

1 

1 

1 1 

L 

d 

<■ 

''1 

1 

V 

J 

<s 

SI                 inA         ■    ■  - 

1 

J 

1 

i( 

) 

1 

t< 

) 

)( 

y 

"          ■  # 

)^                 _|   JDXi* 

\ ' 

•tIi 

/\- 

f 

V 

^rir^- 

p" 

'nil 

b 

\r 

T~ 

f  1 

?f'i 

3 

u:^^> 

L 

1 

W 

a.  - 

LUr. 

it 

■^ 

1^J 

u  r 

3 

\                        41      T 

1  hi 

1 

J_                              --  _L 

,4J,iW 

■AjJJL 

L 

Lu 

J       >v 

1 

ICrUR 

r1 

6 

Ft 

ST 

A 

/V 

li 

.t 

^ 

I 

RlES. 

al 

JI 

..', 

3. 

|A|Np 

J.J 

ffl  fro 

P.-  TiC;    It'vl li 

- 

1 

i  1 

1 

1  1 

1 

1 

I 

i"r  l 

42 


n 

i      i 

i 

_. 

i 

i 

I  f 

i 

1 

i 

i 

t 

,rso 

i 

i 

i  j_ 

.    _,^'C 

"_,  6C 

/• 

t 

\| 

Ti  "^ 

_j] 

3  SI 

-.-/V5 

J 

L '  V    ,  ,- 

©OT 

3T33E 

^r 

il^LU 

X 

-    + 

p 

^<       i 

■   1 

D_ 

5 

Ci 

j 

/v!vrt- 

■  r 

1                -r-^ 

\ 

if 

IJZIL 

E 

I                      J 

1 

\i 

V 

< 

n 

(v 

> 

r-> 

£ 

1 

. 

t 

■j 

p) 

L      ^i 

h 

3 

\ 

p 

1     _3I 

5©  | 

^n 

, 

.* 



r 

) 

t 

a 

.' 

-? 

6> 

• 

• 

' 

/ 

c 

/ 

£ 

-> 

« 

"  ,i   ' 

V 

» 

1 

-'■ 

2E2£Io 

• 

i 

_u 

J 

U 

J> 

8 

a,  3 

- 

-2i?£- 

/ 

/ 

A 

5 

A 

P  "i  r  n1 1 T  T  "i  T  ?  i  i     'r\J    ]« 



- 

-CI- 

*■ 

X,T\  opt riii I  l.liU     vAJjJJjLi 

/ 

' 

• 

0 

:  _.inii 

J 

(b 

=  : 

jkx.y.iKJto&A.ii 

(S 

srj  Tir  p              ..    . 

«» 

^ 

^ 

' 

<y 

/  AljUiii 

' 

y 

,# 

J 

«2T 

" 

i 

fr 

/ 

/ 

J' 

.  in 

j 

/ 

i 

1 

~^~      1 

- 

i 

4- 

nl 

__r 

c 

<d 

u 

I  r* 

q 

q 

0 

Ml* 

0 

~ltQ 

• 

"-dii  a 

n 

!  1 

T 

1 

1 

i 

:. 

T 

, 

( 

i 

^ 

A" 

IT 

ft 

r 

1 

X 

JLV 

• 

1 

J 

^ 

' 

_L  ._ 

" 

| 

1 

'  1 

i   J 

J. 

-  LI 

l       „ 

i 

JT  i  1  ■ 

-    ■                       i-  if 

Fp, 

Hit 

& 

» 

EC 

j/Ei, 

- 

jw. 

,. 

i~ 

u 

IE  |  V 

s 

. 

JfiS 

(JIAE  i 

;  i 

T. 

iw   .  iPryu 

1 

T                    T 

1 

1          1 

43 


-4                  -    _i-                                                                           ' 

I                          »                                     "     "         ■" 

1 

S 

0-0 

n-               -1 

1 

^J 

j 

-i-    -,y,                                   -L 

.  G>e> 

€0 

I 

1 

— G0- 

I 

-m- 

\>\' 

| 

-^B-                 ' 

"T        r,  i 

X 

_l 

3> 

j_ 

"CS 

r 

© 

r~             1 

asrii       —  v 

"jt 

>u 

-© 

>                   &  < 

1           I 

^                                            *  v 

•4-                               ^ 

1 

V                                                                        X 

fi 

y                          ii  \ 

Fy 

/          <p                       ^ 

'""03" 

■>                                             A 

\ 

j'iX 

J~        -                                     :A : 

—     *l 

V-                                                                                                                                                          -I 

^Ei.1 

0 

i 

1                        _                             J 

t~-|  \ 

1 

/ 

T"t 

^ 

V 

fit 

< 

-6> 

A 

" 

33 

I      A 

3=J 
3 

LQ 

/ 

-    £              . 

_  _/ 

5      -ii 

tr 

5 

1 

1 

/ 

1 

-1 

7 

1 

fed 

rs 

M 

3rf 

< 

£/ 

/ 

31 

i 

f 

>. 

3 

/ 

x] 

/ 

-    £          -n 

_i3 

t 

+1; 

. 

A 

1 

0 

1 

4 

Tp 

t_ 

/ 

_j  * 

0 

/ 

T,  "L   ;d  rj.    Vnl 

3 

/ 

/ 

^«.   -  -c^W_ 

/ 

t—    r^e       „  j  uj— 

/ 

1 

' 

1 

~ts~  ■■-  CAIp jji'TSD   iri'IU£ 

/ 

r 

i 

c     i/ 

<v>  :=  fxpki?'t  km?I:,  va  r.i  j>: 

/ 

ital                                1 

v 

r 

^/ 

/ 

~r 

1 

1           1 

£- 

1 

~t 

1                                      _^_ 

_.! 

Oil 

!                                     1 

1  r,            1 

-i-'^i- 

i     -U 

A     \                  1  n  1              !  1     "ri                        nri        L 

cr 

"*.".. 

^ 

.0                        60                1       eK.                      .it't 

Jaqull? 

l  R0trAr1lCM  \i  IE       P'Bi'3)                                                   !-- 

j 

i  r  ii       "     i                         i 

eL- 

•    rr  vc  f  ■  rrm?    '  7-  ■ "      i '  TiPT  TT  I""1     ^'.T'lT'     fi      ,'  ,  'I1  T  -          -              — 1 — 

-  -fft 

Ir::.*,  \r* 

.t£QQ7,-yc' 

iivV^  Ui.'j    Vvj).l    A.      ■     ...j.   j|LV/J,ii  1  loiv  rfiftrii 

1 

1 

1 

1 

1 

.     .                "j                     ~l                            _l_ 

44 


I   - 

i 

1-tt 

£?<9  73 

- 

co 

1 

1 rt/a, 

.    SO 

(:1 

i 

I 

.3D 

Ot 

_         i  1 

t> 

It 

O 

f?) 

_ .60 

-&•"- 

_,     _.    ... 

s* 

•"" 

>L 

f,l 

£_ 

\T 

'drj 

-& 

">    1    N~. 

z^ 

I  ;  ex  .  r- 

-  PJ5t3r 

Mh  <K 

/ 

/ 

/ 

/ 

0 

/ 

•* 

/ 

3                     : 

G> 

^ 

\ 

3 

> 

-J                ^-r^               U 

a  Tteu     r         . 

/ 

^             1 

_QL 

1 

/ 

r- 

/ 

1    ' 

. 

Sr 

/ 

^j 

/ 

V=- 

Cj 

>^ 

/ 

> 

r^> 

a 

/ 

K      .  '-$  J 

/. 

l' 

d> 

L 
1 

.r 

/ 

fa) 

/ 

L 

/ 

/" 

"" 

, 

v; 

T 

/ 

7      ~ 

~ej             : 

/ 

, 

/ 

T 

'Ld 

3 

, 

/ 

L 

'" 

"I 

* 

j' 

k    L  O 

/ 

f 

* 

/ 

H 

R 

1  [ 

/- 

2 

/' 

\ 

/ 

/ 

/ 

5\ 

L 

f*1 

L 

■ri 

^jJEQ  SLiJUE 

/ 

1 

1 

*n 

1 

1 

/ 

'     1 

r^! 

,  ,  - 

T? 

i  "i  i  'ft  i  "     i;  i',  T    'i? 

/ 

a. 

Lu. 

i 

i'< 

txrrrpT.  c:^  i/ttiifchir 

IT.       .       ^       /. 

/ 

, 

/ 

^ 

/ 

IHI    3 

:J  1 

"O- 

X 

I 

•C 

e 

-C 

|    1;c                ""  .Kfc   " 

i  ^( 

j{] 

J_Al 

. 

rJo 

r 

vr 

fjr 

N 

v 

1 

ITT 

ill 

5C                                   . 

j 

1 

_L                                   ± 

-jh 

Ari/n'i^v 

n 

ir- 

n 

•' 

T 

1 

j  1 

V'i 

'■Jl 

9 

Lea 

jV 

/  lbi 

l-i 

ij 

A. 

ik_ 

U 

xL 

Lj 

■- 

T 

u', 

tft 

1 

fijl  T.yli'i.  i1U'i\     LlA  lii  | 

1 

45 


q--p                                -           _j 

i                                                  i                    ....... 

i 

i                             i 

~~[                                                                                                 ; 

X                                                                 '                                                       " 

t)r,                                                                                                                                               • 

-           " 

1 

| 

■    -                                                                               ~r         ~f~ 

X 

i 

1                                                                  | 

j 

j 

-rrf                 -       '                                                                                             -                                                                                                       h 

d£r ... 

1                                                                                                                                i  7^                               _j i 

1                                             1 i_|_ 

1 

1 

T 

3 

~    _                                                                             _            Z0 

-t-r                                         X  -                   -                                               I 

1  „tbO 

:©     a__,_  " 

/5>      . 

-j-                                     y 

A 

X                                        ■        L                                                         X                                *                     ■ 

-,    $l     p                                                                     -    4?®             '                         X- 

^^                                     x    7fc~                    '^ 

7a                                                                                                     'f        ■                    i    '                • 

X  Tb.  50"                                                                                                     '      "* 

x,  ijv        j                                                                                                                                 i   i         > 

-A 

JT 

> 

a                      ■                                                      "                -  y-                                     ^ 

3  _  X                                                   <? 

E                                                                                                                            m                                                                ' 

a    XX     ---                          3- 

tO        J  /;  0                                                                                                                                      / 

i    T                                                                        /            i                                    i 

£                                                                        y_ 

A 

Lj                                                                                                                                                                                                   ,*T^ 

ij                                                                                                                        4 

5              -      -                               i-        44-           A-                  -J-      X 

i                                                              4-           /                        4- 

s   ^                                ^              E1 

E     .3U                                         ©                ,                             i 

/                                 i 

J8                *                                       - -L 

&            S                                  X 

v                  -                     ' 

<•>           X                                                                       4_ 

<P            *p                                                                                  ...  —  . 

j. 

.20                                              /'                                        ,1 

i                                                                         j 

fT'            /                                                                   I     =     -slt'.ft*    bO 

'                                                                                              II 

/ 

1                             /                                                                                                        Ro       :=      *    ^Ok 

j                                                                                                                                                                         fl«                  -5J 

X      Z                                                              ±                                              X 

LX                                                    A     -   C'\ tItHX  TTi'i")  'ljii'hi 

/\                                                                                til       -     UnlijU  J_i  .  liVU     VJ.LUJL 

.10                           J                                                          1                i  1  1        1           1 

1                             /            1                                                                          /<      1       t-rU  •-    1  X     1     n  ■  rrr                             

/                                                                               <£      -    iL\P^i...i' hN  IA._.    '/aLX 

^  i                                                         ~r 

Xx                              ■       '      _              4_                          x 

X         r    J                                                                                                               . 

1     / 

T  A-                                           4^ 

U-                                                                                    t- 

.10  f                                                                         4-                   _ h  X  . 

■</      ""                20  " "  '      ""40      ■                   60                   (  j  81)                      iOQ-r 

A-ISGUIA'l   HOTiVFTGN    k,t-ri]<U    [  llliO   L 

II                                                             III                              i       1                                                                    1 

ii  ijUUli  ',   JO          ,      ....      ,. ;!.  ,  .  ■....',      c    .1i.'n,:.,;,,.v.1.al.ivi.    iLii.1, 

'ill 

ill                                                 . 

11                   in                 .1..  . 

46 


! 

f 

( 

-r-           -                                                                                                                 ! 

1                                                                                    | 

i 

■ 

( 

J"i2__                                       IE                                           J                                      ■ 

i                    _j i           i i       r 

i 

"■    T 

i 

-r 

i 

i 

i                                                                           i                                       ^~ 

_IHt        IE                                                                       _± 

..    .                                                                                            i 

I 

j 

j 

I j 

i 

IC3Q_P~r      ~h     .               -r                                             X 

i 

i 

i 

| 

r                                                r,  -                                    j- 

i                      -                             '               ■   ~i~ 

^'t>                                                                                             X   .»                      vvi- 

3^:                  _^                             .                               "S                rMi 

1  X                                                                                                                                                                               S      •  •           

-j^3E    i                  .                                    _    ,^              z: 

=  1*1                                                                                      Gr,                  ,>  * 

""■-It                                                                                   §_ 

it          ^ 

T     -j-     ,*-     - .                  T 

'i        \                                                         ^           A 

3                                                                                                            T/T 

"•        _J                                                                                 r 

a      ^J                                                                                                 X 

a   ,  / .o                                                          A 

3       j                                                                             'i                                               1 

£                                                                                 0 

*  -■    IE  . IE      _,           i             J_ 

i                                                        t     7      1 

S                                                                                                 ©1       y                i 

5                                                               ^/x' 

i                                                              ,T          _l 

^                                                                                               X                    i                                           J- 

i  2     ,  30                                                              &     / 

/                            '                                                     ' 

/                                j 

/                                    i 

> 

A                                    i 

T1                                                                                1 

_T20                                                                                       ^                                                                  - 

""                                                       -■-                 /-,,,„-,,. ,              .....        ,                      „. 

-    (?&                                                            I     -     '-duJW  tO      ' 

£>  41                                                 : 

~  J                                              Be    =  inST                                               

IT         <3>y                                 ^        |               i    . 

,fe                                              1               ' 

A<-                                    -  A,  -  -ciajjcj-'^  'iWu- V-^  i,u&           — 

-.he         i      "  <*             ;                                  >  "^Jr       i           T  '  T 

_X                                                                                                         /^"\              t.     t-    •■  ->  4rj    _^  -  -  m \   + -j  \  7     ;!'        1          | 

/                                                                                     v-t^     -    lu\,t'^J'Ljj  illM  ih.j    VA±iUi 

•»±7             IE 

1/ 

f 

y' 

y- 

, Cq   T                            i                    1 

\0                            T)                         y,  -)                          All                  IP")                        103 

U                                        c  J                                    q.  J                                    OJ                           ■         O -*                                 ±^  -j 

\!J(f|i|A-i  MWIAI'   ON    pTlfc     i  fflj                  i            ,          __      . 

1                     i                                                   1         1  1      1      1      !         |!|                                                         ( 

-                                           Ptr  TIPS'   "i    i    l"^(VWTf    HHF-^KTFF     7<R       AMT-UTjIr     ?Or1ATT")K    FATS        — r        A    ■-- 

■                                    i            i  1                              '         "       "...     _._.      . 

1                                                                     III                                        1            1 

47 




i 

i — ' — 

— 

- 

. 

i 

L 

tfl 

r 

j 

L 

''C 

i 



i 

^ 

?.l 

> 

'. 

\ 

-3- 

T1 

n3- 

*-L^ 

'jj. 

51  _ 

J? 

3 

7?^1 

1 

g 

ZKt 

-1-  <S>                 4- 

,-> 

i^^ 

r 

_0 

O 

~^0- 

•• 

Ej 

^ 

3  - 

_JQ 

o 

> 

£- 

/( 

1 

i£> 

=5 

_ 

. 

-. 

±5 

•>' 

< 

*> 

a 

tf 

) 

i 

3 

^^ 

;_} 

::3 

-v-» 

_, 

-tJ 

© 

A   ^~ 

41 

? 

''*" 

.^ 

7>     ' 

G 

, 

,-A- 

r 

,6 

\ 

ipl 

^ 

^ 

- 

r»j 

* 

ill 

» 

^ 

1 

K* 

■ 

x 

^> 

A 

T 

* 

X 

£< 

!.  j 

i   I 

0 

^ 

T 

s 

l 

0 

1,R 

ill 

«i 

© 

1 

s. 

sJ 

,, 

I 

J 

r 

j{, 

* 

>■ 

A 

CM 

'ifc 

V'J 

.TED  p.LUE 

(P 

1 

-- 

1 

'! 

f 

fa 

fefe 

in 

i/rT.T  \  "     4J  AX  1112- 

(i/ 

^ 

^ 

^J 

Y 

-^ 

.LJL 

JiiWi.i.j      V  HIjUJu 

A 

1 

1 

s 

A 

! 

' 

! 

y 

y 

**- 

or 

s 

1 

a 

i'  r 

V 

• 

o 

2 

) 

h 

J 

tK 

) 

[ 

J"   "                    IGj 

A 

Hi 

^ 

I    ''  R 

14 

E 

•A 

T 

t 

3; 

t— 

l\ 

Al 

1 

' 

rr 

i 

u 

r 

r 

ll"rl- 

,?±Ul 

i; 

i 

-* 

R 

Ei 

jv. 

.' 

E 

,i 

i 

I 

iii  n, 

^ijlr 

,£, 

ii 

A 

. 

p.-4xi 

I^.lluT  1\&L15 

[ 

I    1 

48 


in                                                  - 1 1  ■  —    ■ 

! 

L                                       IE                                                             i 

i 

j 

IE     .  ^j    e .                                               :              ~r 

.-j-^U     -T-         , r-              -j -    .                                                             _AJ        _»              _^_/i^ 

v            <y              \zs     \zs                — > 

■4 IV                              /«                 /El. 

1y        J_       ^Jr           c^ 

i                                          I 

i       I                      1 

_lllp  ..                 _r                  -                                 - 

! 

i 

I 

T 

E                                                                           L 

I 

1 

.  .                  ,r                                                                                            @Q                1        0 

,I?0                                                                                         *                                             1 

i                          . 

I 

X 

.#                                       -i— 

* 

cT                                                                                                                       '                 \ 

'1:33                 .  .                                                           I              i 

£  £                                                                                                                       t 

1   £l     ,                                                                                                                 ' 

L-  r>tv»       i 

r  <v                          -                                    -,GVi 

r   "?                                                              T* 

•                                                                                                  '  ! 

I  i 

1                                                         .                                          I  i 

h-                                                                                                                                                                                                        '    ' 

|3E                                                                                                                                      j  j 

to                                                                                                                     I  i 

fc      . .  ftU                                                                                                           1 

fe      r  i    i                                                            ii 

?      ±L~E        ~  "                                                    ""                               "                         ^— 

Lj                                                                                                                                                                                                                                                                                                                                                                                                                                V"^ 

*      .                                                                                                                                                          A **' 

---II                                                                       ^  " 

-      -1-4-            -                                                  Ir                         -E 

rt                                                                                      ^r 

£                                                              rvs                                                 S 

±      .  .Z.S                                                w                                           ..'It 

;^'            1  1 

£A                    j   | 

-'                           '   ' 

'                                  1   ! 

-0-13                /'                                                               S>         ,_ 

'                                i 

' 

/                                 1  i 

'                               A                 " 

C/0            '                                  L  ■■=  22.02  to 

r 

/'                                       He   :=   C3H 

,'                                                           ll 

ft     -ft''                                                           A    :-    r.AfrhH"-.A  TF1   \r/>  T TTF, 

\y          'i/,                                                                                    tii             ^rUL-vy^J    iulii-'      ■.  J    J_Ui_i 

, ' c                       A  1                                         iii                                  ...._..    

i                                                                                                  yr               iii 

y                                         v'  f  usrasi-i-iwrAjj  vajjje 

-»        /                                                      \ 

/                                                         ' 

i     '                                                              r 

i>                                                                  • 

T 

/ 

i 

jEi                                                                                    :                   -E          ^r 

<^                                       «~^    j                              in1                          -\/.r\                                -OCv                                iCA 

L                                   C                                       20                                  Z4O                                   CO                        icU                               ilo 

AMCtlT/^-f    ROT.vTTCiiJ    '.iTE.    -1  R- 

III                m                       ■ .....:_ 

t  r  ArE  r-'     L  m r>  r?  "<  Ar'T'nv     TirnP^'IT    1         /-            ivn     T   i_U     !"}  TPl   IHD1!     Wi'-TP 

.r  E6rtf.fi  E  13~    ItECOrhRfr  I  tthcrs  -jim    rpi — Al\ujJLfti.   aul-A-i-icJi-  rtf:.  lis 

"    "   "                                                           •                          r                          ill          ._    ._ IE 

*~~                                                          ..... 

-E          -j-                            J 

49 


i                                -                -     -     -    - 

j 

1! 

1 

1                                  ...      - 

k    |    1                                                        1               

1                                ! 

^ 

1 

1 

<£L 

t       ~         ~x 

i 

t                        T    I                                             X 

! 

i^  1 

t 

1    ! 

1   i 

- 

- 

x 

f    1                       — 

ii 

c 

^ 

r     1      : 

«  1 

i 

)        1 

1 

f 

< 

x  ■• 

1 

^_ 

© 

i 

9^ 

1                    I  - 

1 

1 

1 

i            ! 

_1_    L       <£l 

*- 

)  |            ^' 

W 

i 

^  • 

"if=t 

1 

C 

X 

1 

| 

— f 

-J 

I 

(1 

<\t 

!  1  <E* 

"; 

i  Ti 

I  1  I' 

/U    <s>    ii 

Y      f     I 

•' 

I  1 

f  ■- 

©           1 

< 

- 

- 

■J1 

t)L 

1  i 

- 

<h             "tli 

p- 

fb~ '                1  ;l 

k> 

P: 

!    1 

|jc 

i    1   1 

g 

<tt 

1    1 

r  ■ 

1 

--' 

1 

ft 

4 

.*? 

1 

1  :i 

Ci 

7 

^' 

!  II                                         ,-  A 

L                                                                   f  *T 

^ 

j  i! 

< 

X-           *' 

1 

J? 

\  f 

ft 

i        A 

-   .    li                                .     _   _ 

,  < 

(^: 

'                                   

i       * 

J 

T) 

r     ..    itm    v,^                                         

j . 

w 

- 

c 

t) 

^ 

A 

y 

Els   t   lGcC 

!  *> 

p6_ 

>  1 

i 

c 

t> 

s 

1                   i    i 

1 

A  =:  -CiiilUiiaJliJ  ^/ALJJli. 

■•» 

« 

«* 

/ 

■^ 

i  1 

/■ 

L 

/S          T7y-fefaqv.  U'M'W  T,    1/ VJITi' 

^ 

^ 

•     i 

I 

• 

j 

- 

UL 

-* 

i»* 

1 

n 

i 

^ 

1   •■ 

\\ 

— lA^i—    -                —Irtft                      -44  OT 

U 

<c 

j 

H< 

)\ 

O  J                       .              uJ                                   J.VJW 

,: 

>K 

;i 

1  HA 

}    \ 

'1 

)rpA 

ZUll  R^TK     [,  /•  ft 

i 

t  :  X                            X 

-r 

7 

r  i 

/ 

L  > 

"iv 

>. 

iTTliT! 

TT 

T 

1      ; 

c  lUtt-E     ^s-     AM^JT" 7i  r     lttH-% 3k$$-J-'-A¥&\— 

-L 

rtj 

lL 

'i 

' 

■ 

f 

it 

jc 

/;  :-.. 

tL 

i 

TvIj 

^SJUr.I:       vy« — nlYJnU  JjI-Xu      ,l  j-r..r.  ij_l  wj  J      IJviLi 

i  i                     ~      "X 

1 

i  1 

50 


- 

| 

' 

r 

--- 

IE 

— 

,tjy 

1 

1 

! 

'(i 

1 

1 

I 

T 



-O 

,fol 

T 

T 

ffi 

00 

H 

1       '/n 

s 

f 

a_ 

H 



1 

1 

IX 

" 

E    - 

9? 

^ 

Ph 

-,' 

1 

>o 

1 

1 

& 

. 

rT 

/■ 

a 

t 

V 

(■ 

a 

_ 

~1 

-] 

-i 

J 

c 

*> 

~) 

!£J 

M 

\ 

1 

^J  ■ 

i 

- 

i 

__I 

-  -> 

- 

a 

g 

1 

/ 

* 

i 

.7* 

___fel 

'                                           ^' 

^ 

> 

'J 

.' 

■ 

(' 

3T   _ 

1 

■ 

y 

^' 

-^.  ^ 

A^ 

5' 

i' 

1 

e,; 

0 

> 

T 

V 

/ 

I 
1 

'< 

'j> 

,  • 

~T 

1 

\ 

&. 

r 

JJ.A   , 

ft 

t 

2> 

s 

^ 

L 

2 

tx 

nop 

^ 

©1 

/ 

Yl 

- 

1? 

p 

1 

CI 

I 



- 

V 

1 

-E^~ 

Y- 

? 

1 

1 

> 

< 

J 

A 

n 

Vrt^T1/'  TM)  vV,  r  nr 

1 

u 

1 

f 

rco 

,' 

1 

111                         1 

' 

A 

Jl,LJ, ..„,.!_    „   ..,„-. 

'1 

J 

y 

Cy 

cpj< 

Mr 

:jhgji.l>.1i  vaj^uii:. 

s 

f 

A 

• 

1 

y 

s 

! 

• 

y 

. 

\ 

r 

)f 

A 

1 

-,, 

1  f 

", 

51 

0 

2 

) 

A 

0 

|c 

J 

1 

JJ 

1 

kjf 

u1]  r 

r, 

/ 

KM>  f\ 

ftuifl 

", 

T1 

P 

t 

f   , 

! 

■" 

\ 

1 

*•< 

1 

1 

?- 

J  ■    ' 

± 

,r. 

.    ^      rr.T,   v,T      rL-   r 

1  _^           .. 

LUl- 

R 

1L 

< 

n 

Eijrj/v 

1 

:i 

I 

e 

J 

Ui 

11 

j 

1 

J 

1 

-*" 

1 

Jb 

uvr^    vJLi-.  iiuj    iuv 

11 

1 

h 

— 

1 

±    ±                       - 

1 

1 

I 

_!_    ± 

51 


j                                                                    1                                                                                                           1 —  ....            .-  ...   -      -   .. 

i 

j 

| 

! 

L 

^                                                                                                  \\ 

x   -  -.-t-    .  _             u   .                      x 

^r    '    '           X      -                          -t 

-r                                                                 X                                        J                                L 

i                                                               v_ 

■                            T                                     -V 

/                                                                 , 

is          ■■•■&-         t?- 

...    .  ■                                   :                         r 

J                                                             " 

r."l7  ~r.               ■+            ,    X "                                    4 

i                                                                         ^ 

r                                                                                      -1 

_ 

L 

-/*   -*i-      '       -SB                                                 » 

IT              ©rn'-G^                    _0                         _                   1                               4 

T                 -<5                                                                 t                       J 

fc 

t                                                                                   A 

./it>              .              ...   .    ...  .. X      I 

IT       *-                                                          t                  V 

1                                                                               v 

it                                    ■                     -t                 1 

/I                                                            ^                    j          .        ......... 

ai                              '1          ©            ">                                  !L  ==  31I.V.-  bo 

'^S                  it    S-                         :      :    j_  d                JL                i 

;v    p                                               U                                                                             ■                                                              -    - 

7  A*                                                                                     R=  4  M™                          \ 

—      i                                                         J                                                                                                                                                             *                                                       \ 

Hwm m       1                               X                              i                       \r 

-"  T>                                                                                     A   -  r  itT°T,iTi  t'r'-i"  j  \Iat  i  <'l 

rH                                    i                                                                                     il»          U.'ii-v/y ipi  ipv     /nj_Aj.iii 

1 

-Of  EK?Eftlt-.i>iT41  /f'^yiJ 

3                                                                                                            d                             -a                        -4 

X      -  -      T      X                                                                       X 

«               X      4                              .      -                                 X 

.     ,Q       ,„                                                                                                                                                                                                                                                                                            \_ 

a     r?.rt  x|-     ,                          X     r                            i                         r 

1                       JS                                                                            i                              j 

-I                          ^>                                                                                     1                                  \ 

"    »-                          hd'                           X>                                : 

3                                                         _t%_                                                                 ^f7>                             t 

i     •                -.            -                                                        -1                           & 

^                                                                                ' 

3                   '                                                            X                        tit 

1                     +-                                                                     -I 

x                      t 

IX         t                                                                       t                                X 

J                                                                         ! 

U                                                                  i 

, 

4± 

X                                   ±> 

x             r                                                x            - 

h                            .                    ± 

,                                                                                                   X 

._  'I1       jZ                                                                    -  '                      X              X 

J                                                         t       d 

/"          (5                                                                Oa-vI 

/                                                                                                                 T 

d                    . 

■■'"'■■                                                          i 

j                                                                                       :    . 

J                                                             t 

-4                                                                                                                                          -4- 

X£          J-                                                                                                                                                     t                                                                               -,-r- 

t                                                                   X     -L'~ 

©       j 

■ 

.                                                                                i                                    .. 

1                                                            it 

t                                                                                                   . 

'                                                               t 

rtr                                                                                                            1 

"  "'"  0"  2D|                   M+X                    °^'                      ^  ~                  -*■ 

A_\I/il'lljiV}    BHMIA31I/M    PA  rp"?       (  p'A' 

j                               n   i-iUi.-fT.    iLvidlXUH     flilil.j        uui;i, 

it  x           it      tit-           t  it  t        FX+ 

XGIWE     6      RjSCQViX   Iii   v.    IJRIJ    /p|    A|NG'jLkK   rtup-. i ION"  icAic 

4                                     "     "             X  •                       X 

1 

^                                  _                   ±                   "  X~~      ~             i                                                     — 

52 


— ___ ____ _ 

1 1    ~ 

..                    i 

hi                  __ir 

i 

r»£r 

|_ 

Xjr 

,  TQ  ~r 

^-=ffiij 

^,- 

y 

s 

Jgrr 

s^ 

7 

,©Q 

.j? 

, 

/ 

r  / 

u 

/ 

f~ 

H 

_j 

vS 

L\ 

D-     *M 

/ 

1    CvJ  ,,r 

/ 

r-  ■-R50- 

el 

i                                                                     1 

JL     (|V                          I 

/ 

iS 

J 

"''     ""T                         1 

& 

>     I© 

/ 

1 

-4&X- 

1    ft£> 

I 

T 

yZS 

0     *^ 

*3                                                                                    1 

:  Ji 

~ 

/  _ 

0 

/ 

2           ,.-                                                                                 J1 

0 

_e>  0  __ 

t,      ,/.0     ±                                           ,3 

i  i      i 

" 

i    i 

i                                               zr^si 

i 

•vl                                                                                  / 

•^ 

=fc                                                                                                      ^ 

>-                                                                          '               1 

2:                                                                                       > 

■=-            1                                                                     , 

i   ±                       ' 

^    i                             4 

2=        .-5U                                                       f        ■    1, 

-              ~tt 

/             © 

i_i_          ^                           i 

/     u 

'       ©1E> 

T      £ 

-  (3 

/ 

M=i 

'           i-l- 

'                          j 

2'tr  -                 A 

/         A 

I  i 

f         & 

4_ 

1               G>(h 

<^v 

v^ 

1 

I 

T 

jl.bl  to 

7               r-r> 

I  1                                       ~ "  

-<■                t             ($y 

i  i                                         r 

.  x  i            /           M 

ft 

o      t 

ioaoI                                     _._. 

1 

i 

*  7 

t 

/ 

/ 

^  - 

f  AXhH  mT[/   1     \lu  TH& 

^                           ,-N 

t. 

a    - 

i  Tr                                          

_Z__        0 

.    T       f                             IT       IT 

/- 

/ 

X 

X 

c 

^1  ' 

- 

EiXjI  p^Li-  LLmjIkL   vh^y 

|ll 

,' 

> 

SXL      _' 

hi                   i                          r 

--C                                         '  -                                     ;   .-• 

^n 

_pol  i  L_|_      ...    Jrn1       -    - 

I                                 «iU                             ^Ui 

L  U 

j          CU                                 J.to 

F                                ANCrUL',1    ta 

TiraiTif 

-  '| 

E 

(, 

'  --  ) 

-j_           j_                          rfw^uf^jn^ 

it         _t                       ±T    it 

'         1                         '                              . 

b"  T/'iiti:  T?      i  '  7        T?n7  ""  fhvTi  77  h/" 

iblliT:  CC 

'tl'JT 

t_  it 

>■■ 

r,i::ir,    D!nfpAriiDM  J-W-^K                 -4- 

p  lutyh  iii "  1 Y       lip  jyV  JMx|I 

i 

ii:  J..-1 

rim 

r    v 

j  . 

'i 

.  .i  .  -.L.it.     .i-     :  .".  1  j  fcft    ilTrlib 

1 

~                                     1 

|         1 



1                         _j_ 

:  ±± 

53 


1    1                                                    il        ■                                                    ..... 

1                                                                              i 

—I—                                                                         ' 

j 

< 

it       x              r  „  .  .      / 

r 

i--          -i-rr-                                                                                                        J-                               J 

zt&r       ~r  ^      zi^             ~\-m_   /  ...              __  -r 

T                VT                        '                       "                ii 

j 

j 

L 

J-                                        ±                                                               " 

jo       _                                         7t     ._       .           ± 

r          __::  "           i 

-rr                                                                                      ' 

715                                       i _.         i :    

7                           n: 

zt-Z 

t»v 

i 

_.                          .   .                                                     2        __                                           _L_ 

'                            A> 

-        r    -E     I 

__  „    _                       i 

t  ^3iL            i~                                                                 i 

■J                                 rcj?rn_ 

7                         li5l 

''                                 0 

'                          zL         ± 

'                     ^e            j_ 

\                                         f                                         t 

"V    p                                                                              /                                                                                   j 

ill  03                                                           /                                     /*%      <r> 

_ErV2X4I                                  /                              <T     ^                                                JZ      - 

ruicw                                                                '          \                                                lrt             | 

_.                                                                                                                            _L_                                                                      .                    0                    "j-                                                                          - 

1 

/                                           !/■»>               aS         ' 

..                                                             / 

15                                                            / 

!   -1                                                                                                                                        .1                                                                                                                                               1 

t5                                                                                                                                      /                                                                                _ 

IE  _3ii                     ^       rt       2:  ±    ~          ' 

w                               r 

i|                             jt        ± 

nlH                              /-                                          A 

— IH                                                                              J                                                                                                        A      C? 

3                                 I              X                                     X 

4?                                                           /                                                                                        r±4i 

^                                                        A                                                                                          S-X 

B                          " 

x"l                                                                                                                                                                     /                                                                                                                                                                                                                                                                                                                    i»-L 

3      ip                        r                                                            tEt 

..I 

7                  q                                        ; 

7                                                                                                           ( 

"  r                                                        6> 

7 

0  ~Q_              it                          i                                        It 

f                    J~                                                        JZ-                                    ~ 

~  r                                                   -        xter                        ^ 

/                                                               • 

_.JC                   /                                                _ 

i  ■         "     or  ft                             l  «  -iilfe    co 

/-           ,d-                                           II 

/                            1                                                           R-.    -    1  tM 

fTvri                                                                                     1                    _        _L_ 

1                                                                    L 

/          1                                                                         Zfi    =    Ch1|JIiJjH  ll!i.J    vfliU.Ji""- 

,  U4             /                    A\                                                                                   1  » 

l-V                                                                                                                        -   A1                  1    1                  Lk-i      rr-     r-Jf-                        --         - 

G>  f  k-^'h^-iiWrAl  VtiLUij 

7 

Lit                '                                                                                           "it 

7                                                                                                                                        _      

/                                                               i 

-t 

4                                                                                                                                                                     . 

-,       /                                                                                                     ±                                                       - 

,  cor                                                                                                                         ...  r 

1          'n                            1     on1                     1       1;  J                        '     'o>                           k?  i                 ■      --tR^                  -M 

0                           2D                        |40                         6pj                 ,      8J                      IvJ 

i\ '  .T(t  ITl ,'\  r?    i ?  fi)T  A  T^TtHri    7?  "1  *Pi"',       (  :tP' 

■    -                                                                            T  T  T             1  1       I       1           1  T               '"' 

r  it     it  Jut     i            i           it 

-  .^-fGtRft    Tr    R^&^m^  'ii'^iiJ^^li^-^,,    Ati^jLt.R   ±-Jprli.u.t-tJrik; 

'     .:                                    X             L    _T    tt                ^u.         _L                               It      - 

~:v. 1          ii         IS         1     ".'■.:_  J            it-    - 

54 


1                                      i 

1 

1          "T 

-  / 

/ 

/ 

1 

1 



_,             . 

ZH\         ~r   ~r          -1 

-r                          T 

i 

, 

i 

_ 

i 

!' 

e 

y„ 

rt 

L_ 

r. 

:  _: 

IT       ...          1 

U- 

i- 

(v 

I 

r.~ 

(_ 

/ 

~j 

i 

>£r 

i 

A: 

j 

/p  L 

T 

.  1                   i 

| 

.    ._ .    .                                  L 

L 

J     . 

ob 

©[ 

i 

fP 

r-                                                                 -4                                            fi 

Vl/ 

-©- 

1 

^r 

'7,  A,T                                  / 

rr 

1 

yS^ 

3-D-                                                       t- 

L- 

to: 

Jlr'                                                             r- 

T 

"^                                                           1 

n/^r 

-L,    CM                                                            1/ 

i 

""                                                            J 

jT\ 

J 

^t            4- 

•• 

(^        .t                     it 

^ 

Y 

t— i 

A- 

' 

-©4-       -  - 

^4      k>2L             jL 

4^        *-h~                ir 

3              J             1 

A 

5                           / 

W 

-^ 

a                        T~ 

T 

1                          »- 

-1                         ^ 

-1x3   - 

's                 ]  .                 fer 

4t       -1-4-  /            -T       -£ 

1 

*                         f>) 

I                         v 

_i 

it                       0 

; 

roT      ^             f  © 

L 

ii, 

i: 

.  Bb 

,              I 

I 

i 

0-0      I, 

1 

R 

a 

-i; 

j 

i_ 

ji 

| 

1 

ti- 

/M 

"  ,\  T 

• 

4  i  Tm-'U  A,—  I.LL2- 

ri             © 

XT 

-:w 

j^i 

rtp ~  Tj&ip'  n/  n  xatr  2i 

i            it 

±__  j  u,_ 

-    -       *                      it  ' 

£;r 

dXr 

!.i5ci 

4-           ^           4-0 

l 

^ 

i 

' 

4. 

1 

:  rAn 

1 

"IE 

\d-i 

/ 

h  i 

IriCil                                 -J-£ft! , 

t                                   <c© 

/i 

H 

I 

cm 

j      C  U                                   -.*~t7 

^NSi 

[ 

?hJ 

A 

JO 

\  F 

TH  U 

ii  j 

[B 

\\  rv 

r  ■  ■    - 

i 

_x            i 

rvn 

• 

r>v 

i+r 

'in 

tfb      co^iau      iir!I                                    _L 

r  IpUitx!    ly    liiS-j 

i  ,i 

i  j 

»|ii 

j^- 

.  u 

iL 

j 

r 

' 

w 

W.UJ 

jtt 

rnc/i.u.Ai.    ,.u|i-^ 

.                           ± 



1 

55 


|                                                                                         j                                                            ,|                                                                                        —                             ~t—               — 

1 

i                                                                                        1 

:                                                 j 

^-                                                                                 -                    --r- 

*            -4 

ZMT              A                i 

X                                             -    X                                                       U                                   il 

^                                                         n                     i       '                 — r                          ' 

.x                                                           1      j^    s>  ;:  ©s> 

.           ._   ..  . 

axm 

i 

i             . 

i                                                   1 

A      ~                   -A      I 

it        **                          IP  . 

j 

.  vu                         A                        „    1        "      : 

it              It          ;  i3                                                          it 

l_] 

. 

-y«                                I^t 

A_    _                                                                                  ± 

2>                     L-  —  E- 

^  1               ~>                                  ^  "^ 

zk\                                                 . "    I          i  > 

1                                                                       s       \\&                  s.           .'■ 

4-                   s     ' 

-            -  -                     -                              X           X-                        K                -X 

Mi                     -,     ..      '        JX                                            '     \                +  ' 

p                                      _                     _/            ihr                     <         \     X 

■~  U                                                      ■                                  _0                      '              \' 

csV                         X                          /                   11              )              ,\ 

p-  >\                                                      •                        \           /               *     \ 

1   <U                                                                                /                                   1    f          .     c                     V               v 

r  £*(»                                                          pt-J.    =>    "\(\                           \          W                /                 \ 

Td                      .                 Z                        rb          x               v 

X     A-      y                      ^ 

it               S-               t                               11          v7                           \                 it 

-                                                      '                                 JUrt-        / 

V                            1                                                                     /    _                           U                       /      PC/             ' 

V                                                                                                            /    0                             0                         /      |                     / 

—               1                                                         t  -i  -/ 1  ^ihfh    ■ 

7j                                                         /                              *r;^-fti^7 

5  .An      1                           /                          /  1    i    / 

*      £                                              1   G>                           ^            L/        - 

a.                                                 /                               A      &  J 

jL                      /     Xxa 

>-                                                     i/  r^1 

.  ^              .          ^..                                        _j_ 

/                                                X          y  -Ji   rl   1 

P                                            '                           /     He  /  lliil 

I      y     .;                             ■   .    ,3   ;              7  ;   ■    y               I 

fx-                                            7                             y          y 

x  ,X      i                  '^v        a      /i     S3M          i                                       -X 

t^              /        /               i                                   .^r  l 

X                          3                             /                               it           ^V                                                   X'      X                          X 

G>        e     /       /                         tsr                 .X 

/ml//                                                                                         ^ 

X         0X         '                                             ' 

1               /      J-                                        -X 

4&L       .        Al    J                             X       ReX2lX 

7X                        X              XX                                                    '                            X             X                  r-       X 

^    a-                      XL    x        itx 

^4.                i  .          jL  jT.           .              iZ*.                                    'X 

/                     1    /  1        Jfcjr                                                       LK     L     j        ,                                                                    _ 

'             H.  1   ,  (V                                  "   X  ^p:g.3frtD 

:_j  :        X47                        -  -X               ~-~ 

I            XK-                           '                                -                      X 

/  -L                               /         a  -  F  X  V-  c                                   

j          >    y                         •             H                                                 ■  - 

Y                        y             i 

'         /i  /                        ^                     /S     itn  l  ■  c^n                     

ttx                  '                 r         FT     n 

X           -n            /  T7J                    ^^            •        !l       •"    Xt     X                  r-       -ti 

/      /   /                  x                            _i           i    1                           X i 

v     XP                ^'                               ^2t" te       'n^2           .                  X 

7    i/^        r '                         i                                    -  x  - 

'    /  /        ~  '  Al 

/     /,■  1             ^                                                           R   -   F-p    -   "  cQ^                                   

/I  ^/        .>                                                          —  ^ 

-     "X/  Xx                                         X        ^ 

tyi/   V^.^                                                                              '    p a  tpt it  a  ttt"!   \;  a  f  nrc, 

'  //.     ^                                                                                                                           j        T     L.H  L^Uli'i.  l-lil-1     V/it-ripMr 

.ULI                                                             1                                                   ill 

n                                              *"*  "^                                           '      '                                          /  "i1'    '                             1      rt  ^                                      TO"*.  -                      - 

U                          ^J                        4 J    1                    oJii  |                    b^                     Itij 

;V:iGUL\h,  R03Art[i)tLlRAi.2^-(iuT :   1 

_  "     '       '                                                                                               [ 

1            V Tfill^^l  ^C)       T^fbytFRV    1                                :  JV,  'L^,     JlTV^TOfllFLATF              

r  T i    r " t i      ii        '      it           f i 

a 

111                                   II               i               1                                     ~l 

56 


-p .     

_l_ 

_J 

1 

~t~ 

,                                                                                                                                     r 

ireuf 

"                             , 

"770                                                                                                   ~    ' 

D  -      -.      Ol   ")/"                                    --                                                                                               y^ 

Kb   --  ^jli.)                                                                              ^ 

w-       1,X  "4    4M4o                                   -                                          /' 

i'  -             i                      -                        ii 

/\  -      t    ■-    4c  54  ID                                                                                      v 

_::_  .  ■   _.                                                  ■       s 

i 

"TTtiCf                    '            75-    T   F^T,t77fTFH"                                   X      Il/31     31    to 

M                                                                                                                                         -L       ^ 

/+7        j     -    oo    7)   v.n                                           1       / 

i — »                  ,,                                                              I 

L                                                                                                       V                   + 

rv[S                                                                                                                 '       X'               ln=~Z8.1£"T53""       ~ 

H  ^                                                                                                                     /                           1          ,'    7-  © 

Tffi^/>                 -                     "4-                              X"r          _H-tj2TiS$i-   - 

dL^u                                                                         ^  A  *                  -  1     =L 

i?                                                  /      i      -j  /j, 

R7                                                                                                                                            ^   i  ■       ^r 

rH                                                                      /        T      '  vxB 

jt     _ct  ■   4_irii 

\,         tS  .  • 

is                                                                /T-to:  _        zt 

2                                                                 '                 / 

=>                                                            x                       gt             ...    . 

{7      •  tj  Ui                                                               __._.,._          '/•                           K '  '  '             '                          ,.,,..., 

-5             11                                                                         /  1  Al                   .        1 

____          _   /ft---          7          ,       J      -+-       -+-    -H 

4_       i  ^L  _=■       itbxit 

a                                                               2                37       I  ±  ij  q_F^3^^r  _ 

3        X                                      X              r                /0          '     1    r          i/' 

S          X                      IT                                          /                                         Ct>( 

■a       X                                                Z              /               4-                ' 

^      X                                                      A-  -Z          1          .  x 

■       5            -,X                                                                                                             /               K                                                      ,-                                S                         - 

*     .IDr                                                    £     _IS    /                     ©                                    ,' 

.               /                  It     2j.              1  x 

/               ^                   ^.      JX    I  :=I2Ip^5o 

'               S                            -T      IS                      '' 

/            >T            X           1 '             • 

/        A 1          '*'      ^    1       ^ 

/              .       Q                           1  f          1        „■ 

'  (t.         Xiy~              .q_       _^^r 

/        /     n*M           4"X       x 

•                       ■'      X  ^fi 

.idU                                            /            /                             s       ■     \.s\\\ 

/       \/\                   >            h" 

^          V-'    \    &       1 ! ' 

/      A     '      E                   £>    X^l    ^1      E7| 

/  a/  _j_i_    ^u   J^C         wU 

A              - '       - '             K-i?1 

^.J^           ^     xkc              J^xv 

m                                7   42           V        >S7                            -mZ" 

^     <-        ■*         4-,-n      -C-\                                                 L    \^ 

it   y          X     ^                           X            t     H.        T, 

.  iu                /   /        >-     f                 1                           r           y             ■-      T 

'    '\    1  .  a.  3>"  1                                             1 

77      b  &^ 

*    /  /  -7.^<       it                                                                                 T 

,    y  ^^?  ^>      ^Xr 

7b      .^  >  t           ^    r                                                                ^~ 

_.     ii/Ti^rrr       -5^  'it     it        1                                                       it 

v  yz>' 

rfrSy                                             it                               it 

Za^i                                                   J_         -t 

"700     "TT"                                                                                                                                                     .._ 

1    n                            on1      1                   ;  "1                          f  ~\                      \  r*i                       llni 

|(J                             <cJ                           4-'||                   '-sJ                       j    bJ                        -L|U  -^ 

L                                                  7JC7JLM' aO'i'i'l'JlJ    ;,  vTo   U.    .7                               ^i_. 

T    fi.g-ijreI  ;n     uA^mvL  fred$ipHe  /j>j  ap           lOiatijk  lUTi- 

III                    .                  _t    •     it     .  1      .j        X 

X          X 

'             X 

t                                                              '                              _!    _j_       !_               _1  1  L_                                                 -  X 

57 


117  V.    AC 


LINE  MR  PRESSURE 


DIFFERENTIAL 
OUTPUT 
PRESSURE 


PRESSURE  • 
REGULATOR 


VALVE 


FILTER 


ROTARY 
COUPLING 


POWER 

JET 

STAGNATION 

PRESSURE 


FIGURE  22  SCHEMATIC  DRAWING  OF  THE  EXPERIMENTAL  APPARATUS 
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FIGURE  23      DETAIL  DRAWING  OF  TEE  EXPERIMENTAL  APPARATUS 
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ASSEMBLED  EXPERIMENTAL  APPARATUS 


ASSEMBLED  EXPERIMENTAL  APPARATUS 


FIGURE  2/,  PHOTOGRAPHS  OF  THE  EXPERIMENTAL  APPARATUS 
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COVER  ASSEMBLY 


COVER  ASSEMBLY 


FIGURE  25     PHOTOGRAPHS   OF   THE  EXPERIMENTAL  APPARATUS 
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BASE  ASSEMBLY 


BASE  ASSEMBLY 


FIGURE  26     PHOTOGRAPHS  OF   THE  EXPERIMENTAL  APPARATUS 
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CARRIAGE  ASSEMBLY 


FIGURE  27  PHOTOGRAPHS  OF  THE  EXPERIMENTAL  APPARATUS 
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